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Introduction
Because of high temperature structural and coating applications, nickel aluminide intermetallic compounds (NiAl and Ni 3 Al) have received considerable attention. Many kinds of alloys based on Ni 3 Al have been developed with broad utilizations, such as furnace rolls, radiant burner tubes for steel production, forging dies, and corrosion-resistant parts for chemical industries [1] [2] [3] [4] . Morsi [5] reports many processes applied to the reaction synthesis of Ni-Al intermetallics in which combustion synthesis has been recognized as a promising method for producing advanced materials Powder compact laser sintering is a laser sintering process in which powder compacts are sintered by a laser. It was found that this method cannot sinter large materials because the input heat by the laser is not enough [6] . In order to overcome this weakness, reactive laser sintering is developed in this study, which uses reactive powders in substituted raw powder compacts [7, 8] . However, few articles have reported the laser reactive laser sintering of medium-enthalpy metallic powder systems such as Ni-Al and Ti-Al intermetallic materials. Therefore, this article studies the adiabatic temperatures affected by the powder content and the relation between the ignition delay time and laser processing parameters during laserinduced combustion synthesis of Ni-Al powder compacts.
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Experimental procedures
Commercial powders of aluminum (98.0% purity, 75 μm), nickel (99.5% purity, 15 μm) and graphite (98% purity, 150 μm) were used for experiments. Reactant powder mixtures with Al atomic ratios ranging from 25% to 50% were prepared. The powders were mixed in a ball mill for 1 h and then pressed into cylindrical samples with a diameter of 20mm and a height of 10mm. The compacts were ignited by laser irradiation using a Nd:YAG pulsed laser source (JHM-1GY-100B), which has a fundamental wavelength of 1062 nm with pulse duration of 6 ms, and repetition rate of 8 Hz. The output power was varied from 800W to 1600W. The 2 rectangle spot of the laser beam was adjusted to about 16mm × 22mm which nearly covering the surface on the compact. The surface of the compact was painted with a very thin layer of carbon black to increase the absorptivity for the laser beam. When the ignition was detected, the laser beam was turned off and the reaction could be self-sustaining. Temperature was measured using Ni-Cr/Ni-Si thermocouples.
Results and discussion
Adiabatic temperature (T ad )
Adiabatic temperature can be calculated using simple thermodynamics and it represents the maximum temperature or the upper limit of the temperature achieved during a particular reaction. For the reaction synthesis of a nickel aluminide Ni a Al b the following equation is applicable for calculating the adiabatic temperature, [9] (298) 298 298 (298)
Where refers to the appropriate products and is the stoichiometric coefficient of products. and are the heat capacity and phase transformation enthalpy of the products, respectively. Assuming that adiabatic temperature is lower than the melting points of the products, the products do not go through a phase change the equation (1) can be transformed to,
According to the Ni-Al system binary diagram and the results in Ref. [5] , some of the reaction enthalpy parameters for the compound formation are listed in Tab. I, corresponding to the stoichiometric ratio.
Tab. I T ad values of Ni-Al alloys calculated and measured results
T ad (°C)
T max (°C) Thermodynamic calculations show that the adiabatic temperature (T ad ) increases with the increase of the Al powder content. Fig. 1 shows temperature-time plots of Ni-Al compacts with various Al contents under 1600W. The rise in the measured maximum temperature (T max ) of the SHS reaction confirmed the calculated results (Fig. 2) . The measured temperature is 40-170 K lower than the calculated adiabatic temperatures, but the tendency is similar. The reaction become more intense with increasing Al powder content. This brings more heat loss and larger disparity between the calculated and the measured value. Fig.3 shows the X-ray diffraction pattern of the products for Ni-Al alloys with different compositions and Fig. 4 shows the microstructures for the samples with 25 at %Al, 35 at %Al and 50 at %Al. The predominant phase in the sample of 25 at %Al, as shown in Fig. 4(a) , is Ni 3 Al. The composite microstructures of Ni 3 Al and NiAl formed in 35 at %Al sample are given in Fig. 4(b) . The microstructure in Fig 4(b) had a needle morphology for Ni 3 Al and the blackness substrate was characterized as NiAl, being in agreement with the XRD analysis showed in Fig.3 . Fig. 4(c) shows the microstructures for the combustion synthesized NiAl revealed by the XRD analysis. In Fig.4 , the product of NiAl and Ni 3 Al present in the samples with 25 at %Al and 35 at %Al. Only NiAl is present in the sample with 50 at %Al. 
Microstructure and XRD analysis of product
Ignition delay time
A simple ignition model was proposed using the thermal theory together with the following assumptions: (1) The laser beam irradiation is the only source used to ignite sample reaction. (2) Propagation of the combustion wave inside the sample is regarded as continuous layer-by-layer ignition. The thickness of every layer is much less than the radius of the sample and body size, and the laser beam spot nearly covers the sample surface. (3) The thermophysical parameters of the material system are independent of temperature. (4) No convective or radiative heat loss is taken into account.
The ignition delay time was defined as the duration from the begining of the laser irradiation to the time when the reactive flame was observed. Based on the thermal theory and the above assumptions, the governing equation for this 1-D model is follows [10] 
With the integral-transform and consideration of the initial and boundary conditions, equation (6) can be transformed to
The ignition delay time, t, thus, can be written as
In the above equations, p λ , C p and p ρ are, respectively, thermal conductivity, specific heat and density of the porous compact, q 0 is the effective laser power density, t is the time, τ is the total interaction time of the laser beam with the compact, that is, the ignition delay time, and T 0 is the ambient temperature. The value of these parameters can be obtained by the following equations, 
Conclusions
(1) A model based on the thermodynamic theory about laser-induced ignition has been proposed. This model reveals the relation between the ignition delay time, laser processing parameters and material characteristics. Experimental results demonstrate that the theoretical analysis is reasonable. 
